The aim of the present research was to optimise the process of plant regeneration from unfertilised ovules in sugar beet (Beta vulgaris L.). A two-stage method was applied which involved preculture in liquid MS medium and culture on solid media. The study evaluated the effectiveness of different groups of growth regulators, agar and gelrite on the morphogenesis of explants. To do so, the culture was maintained on 21 MS media containing auxins (NAA, IBA, 2,4-D), cytokinins (BAP, KIN, TDZ), antiauxin (TIBA) as well as solidifying substances at different concentrations and combinations. Varied effectiveness of callus and shoot formation was observed depending on the medium used. The highest efficiency of shoot formation was recorded on the media containing 4.4 μM BAP, 0.09 M sucrose, and 0.04% gelrite. The formation of roots was induced when exposed to 14.8 μM IBA and 0.049 μM 2iP, and the percentage of rooted shoots ranged from 0.0 to 65.2%, depending on the growth regulator combination used for shoot regeneration.
INTRODUCTION
In the last dozen or so years, in vitro techniques have become an essential element of programmes aiming at creating new valuable initial material for breeding as well as for the improvement of sugar beet cultivars. Benefiting from the achievements of research studies, they have facilitated a fast progress in the reproduction of valuable genotypes and in the production of homozygotic lines and genetically modified lines (G ü r e l et al. 2000 ; K u y k e n d a l l et al. 2003 ; M e z e i et al. 2006) . One of the methods of obtaining haploids and double haploids of beet is culture of unfertilised ovules and diploidization of plantlets regenerated from the cells of the embryo sac. The first reports on gynogenesis come from 1983 and 1985 when 0.23% and 0.17% of plants of gametic chromosome number were obtained from the ovules of male sterile and fertile plants (H o 
s e m a n s and B o s s o u t r o t , 1983; B o s s o u t r o t and H o s e m a n s , 1985).
Further experiments on beet in vitro cultures aimed mostly at increasing the number of differentiating explants, the share of haploids in the regenerates as well as the development of efficient methods of doubling the number of chromosomes (G o ś k a , 1997; H a n s e n et al. 1998 ; H a n s e n et al. 2000) . The researchers described a few new effective methods of plant regeneration from tissue and cell explants, while the existing procedures were optimised and also adapted to specific genotypes defined by the breeders. A considerable enhancement in the effectiveness of those processes was recorded, e.g., as a result of media composition modification, the selection of the most adequate development stages of ovules, and adapting the physical conditions of in vitro culture, mostly temperature and photoperiod (D o c t r i n a l et al. 1989 ; F e r r a n t and B o u h a r m o n t , 1994; G o ś k a , 1997).
Despite a clear progress in producing haploids and double haploids, the results of the earlier reports are not always satisfactory as far as the effectiveness of haploidization is concerned. Therefore, the research covered by this paper aimed at testing a number of factors which could affect the pattern of regeneration processes. The procedures described so far have been improved, e.g. thanks to the application of preculture of ovules in liquid media. Such preculture could be maintained for at least 12 months, which made the initiation of specific culture possible in any season of the year, and thus an increase in the number of regenerates formed and making the organogenesis induction process independent of the dates of isolation of ovules from flower buds during the flowering of the plant. The working hypothesis assumed that the application of innovative two-stage ovule culture, during which the effect of a few growth regulators and solidifying substances would be compared, would allow the separation of such combinations that would enhance the processes of organogenesis and shoot formation.
MATERIALS AND METHODS
The research material consisted of sugar beet (Beta vulgaris L.) plants, produced as a result of in vitro reproduction of a single diploid mother plant, genotype 0170, obtained from the Kutno Sugar Beet Breeding Station (Plant Breeding Station at Straszkowo) (Fig. 1A) . 5 cm segments of generative shoots were surface sterilized using 70% ethanol (1 min.) and 5% calcium hypochlorite with two drops of Tween 20 (20 min.). After receiving the disinfection treatments, the shoot segments were rinsed three times with sterile distilled water. The ovules were isolated under sterile conditions from 3-4 closed flower buds located on a sterile generative shoot (Fig. 1B) . Isolated ovules were cultured in liquid Murashige and Skoog medium (MS) (1962) containing 4.4 mM 6-benzylaminopurine (BAP) and 30 g × dm -3 sucrose, 100 mg × dm -3 of inositol, 0.4 mg × dm -3 of thiamine with a pH of 5.8. The explants were inoculated into a 100 -ml Erlenmeyer flask containing 25 ml of liquid medium and were cultured on a rotary shaker (150 rpm). After 12 weeks of culture in liquid medium, the regenerating structures ( Fig. 2) were transferred onto MS media of varied composition (Table 1) . The modifications involved the application of various combinations of auxins: indole-3-butyric acid (IBA), 1-naphthaleneacetic acid (NAA), 2,4-dichlorophenoxyacetic acid (2,4-D) and cytokinins: 6-furfurylaminopurine (KIN), thidiazuron (TDZ), BAP as well as antiauxin: 2,3,5 triiodobenzoic acid (TIBA) and two solidifying substances: agar (Becton Dickinson and Company, USA) at the concentration of 0.2, 0.4, and 0.7% as well as gelrite at the concentration of 0.4%. , was analysed in each experimental treatment. At the successive stage of the experiment, two-times subculturing onto the same media was performed.
To start the induction of rhizogenesis, the shoots were transferred onto MS medium supplemented with: 14.8 μM IBA and 0.049 μM 6---(dimethyl allylamino)purine (2iP). After 8 weeks of culture, the rooted shoots were cleaned from agar and planted into a mixture of gardening soil and perlite and placed in a greenhouse under a plastic tunnel to reduce transpiration. At the beginning of the growing season, after 6 to 8 weeks of acclimatization, the plants were planted out into experimental plots of the Institute of Plant Breeding and Acclimatization in Bydgoszcz. After the growing period, the storage roots were dug out and placed in a storage place of the Plant Breeding Station at Straszkowo at the temperature of 4 o C to be planted into soil in the following spring and to isolate fragments of generative shoots at flowering and, under sterile conditions, to isolate ovules from the fragments.
The experiment investigated the following parameters:
-number of explants forming shoots or callus (after 4 weeks of culture on solid media); -shoot formation effectiveness on the respective media (after 12 weeks of culture on solid media); -rooting effectiveness (after 8 weeks on rooting medium). The applicability of respective types of media for the induction of beet regeneration processes was evaluated based on the number of shoots and plants produced. The results were compared with the corresponding data for the control medium. The statistical analysis was made using the R-Spearman rank test which was primarily designed to compare the media in terms of their effectiveness on the process of shoot formation and root formation.
RESULTS

Regeneration
Morphogenetic observations were made of about 4500 unfertilised ovules isolated over the pe-riod 2004-2007. In a two-stage culture during the liquid phase, 3.8% of the ovules found on the medium were identified with structures green in colour, which suggested the beginning of differentiating processes (Fig. 3A) . Regenerating structures were separated from the other ones, reproduced and kept in liquid culture (Fig. 3B) . From the tissues obtained in liquid cultures, 1260 differentiating structures (Fig. 4A , B) were sampled and transferred onto 21 solid MS media of varied composition (Table 1) .
The evaluation of the morphogenetic potential of the tissues obtained in ovules cultures made after four weeks of the development on regenerating media showed that of all the differentiating structures, 36% started the development by forming shoots or callus tissue, while the other ones got darker and withered ( Fig. 5A ). The process of organogenesis was observed for 63% of regenerating explants, while the other 37% formed callus ( Fig. 5B , C).
Ovule differentiation gave the best effects for BAP content in the medium at the concentration of 4.4 μM, especially with the addition of gelrite (60%), compared with the MS medium control where the processes of differentiation were observed in 19 cases (32%) ( Table 2) , while a weaker reaction was recorded for the lower concentrations of BAP addition, either as the only regulator or combined with NAA. Of all the media that contained BAP and agar as the solidifying substance, most shoots (71) regenerated when exposed to its lowest concentration, namely 0.44 μM. As for BAP at the concentration of 2.2 μM, adding NAA increased the number of shoots as compared with the amount recorded on the medium without auxin (Table 2) .
On the media containing KIN in the combination with NAA or 2,4-D, most explants forming shoots were observed in the presence of 2.2 μM KIN and 0.44 μM NAA (32%). The capacity for shoot formation was insignificant on the media with 0.44 μM KIN supplemented with 0.44 μM NAA (15.0%) or in 0.44 μM 2,4-D (13.3%), due to the fact that on those media callus was formed at a considerable amount (18.3%, 61.7%) ( Table 2) .
In another treatment -MS media with TIBA, only 7 (1 μM TIBA) and 6 plants (2 μM TIBA) were produced, while in the presence of TDZ a different number of shoots was obtained: from 13 (1 μM TDZ) to 26 (5 μM TDZ) ( Table 2) .
The most intensive regeneration was observed on the medium supplemented with 4.4 μM BAP, 0.09 M sucrose and 0.4% gelrite. On that medium, 60% of the explants formed 73 shoots with numerous leaves with adequately developed, intensely green laminas. Factoring in the effect of the other solidifying substances on organogenesis effectiveness, 0.7% agar was reported to create better conditions for differentiation at further culture stages than its lower concentrations, producing as many as 71 shoots (Table 2) .
Shoot rooting and plant acclimatization
To perform the induction of rhizogenesis, the shoots were transferred from regenerating media onto the MS medium enriched with 14.8 μM IBA and 0.049 μM 2iP. After about eight weeks, out of the total of 584 regenerates 211 (36%) formed roots (Table 3) . Relatively good results were recorded for the shoots developing on the media with BAP or KIN supplemented with 0.44 μM NAA. The percentage of rooted microcuttings, as compared with the total number of regenerates, was highest when they were derived from the medium containing 2.2 μM KIN and 0.44 μM NAA. Of the total of 23 shoots, 15 took root, which accounts for 65.2%. A high percentage of rooted shoots was also reported when 1 μM TIBA (57.1%) as well as 5 μM TDZ and 1 μM IBA (53.8%) were added to the regeneration media (Table 3) .
The rooted shoots ( Fig. 6A) were acclimatized in the glasshouse (Fig. 6B) . Of the total of 211 plants planted out into pots, 80% were acclimatized to ex vitro conditions.
Statistical analysis
The statistical analysis of the present results obtained with the R -Spearman ranking correlation method presents a relationship between the ranking of the medium described by the average number of shoots produced from a single explant (X) and the ranking of that medium described by the number of rooted shoots (Y). Based on the results of ranking assignment, one can conclude that the media on which a high number of shoots per explant was produced also enhanced plant rooting effectiveness; this can be seen from the fact that those media, representing quartiles I and II, account for 50% of the value in the order series. Out of a total of 21 analysed media which differed in the type and concentration of growth regulators, solidifying substances or other compounds which are to intensify the processes of shoot regeneration, media no. 2, 6, 5, 7, 8, 9, 10, 21 were the best in terms of both characters, according to the statistical non-parametrical R-Spearman's ranking correlation method (Table 4) . The accompanying high capacity of both processes points to the highest effectiveness of those media in the process of ovule regeneration in in vitro cultures. The lowest efficiency, for the characters evaluated at the same time, is found for the media located in quartile IV (3, 4, 11, 13, 14, 18, 17, 19, 20) ; this position demonstrates their limited applicability in producing regenerated and rooted plants from explants derived from in vitro ovules (Table 4). This analysis is confirmed by the results obtained by calculating shoots and rooted plants. 
DISCUSSION
The present paper describes the effect of phytohormones and other components of culture medium on morphogenesis of sugar beet in unfertilised ovule in vitro cultures. The unfertilized ovules were taken in June and July from flower buds located right under the bud being at the phase of anthesis. The reports by G o ś k a (1997) confirmed that ovules in such flowers contain a functional fully-developed embryo sac, and the most optimal date for isolation of explants is the period from May through September, which was documented by Doctrinal et al. (1989) as well as by L u x et al . (1990) . The potential capacity of ovules for differentiation is closely correlated with the genotype, which is seen from the results reported by B o s s ou t r o t and H o s e m a n s (1985), G o ś k a (1997), H o s e m a n s and B o s s o u t r o t (1983), L u x et al . (1990) , V a n G e y t et al. (1987), and Y u (1992) . These authors recorded a considerable variation in regeneration effectiveness, especially in haploid plants, within the lines studied since they recorded a varied number of differentiating ovules or they did not observe any symptoms of regeneration at all.
The experiment involved a two-stage culture: at the first stage, differentiation was observed on liquid medium and then on solid media of varied composition. The method offers a few advantages, e.g. it ensures obtaining much more material than in the case of culture of ovules incubated throughout the culture on solid medium. Additionally, differentiating tissues can be successively taken up and transferred onto regenerating media, which eliminates one of the serious limitations in ovule cultures, namely the need to obtain material only during a short plant flowering stage. With that in mind, the method offers greater effectiveness of plant regeneration than the procedures described by other authors (D ' H a l l u i n and K e i m e r , 1986; D o c t r i n a l et al., 1990; L u x et al. 1990 ). In the present protocol, differentiating structures from liquid media were transferred onto solid MS media. As indicated in numerous reports, the medium developed by M u r a s h i g e and S k o o g (1962) turned out to be the medium on which the highest regeneration efficiency was recorded (G o ś k a , 1997; L u x et al. 1990 ; V a n G e y t et al. 1987) , although the literature offers reports on gynogenesis induction involving also other media, such as: vitamins-rich medium B5 (Gamborg et al. 1968) , SH (S c h e n k and H i l d eb r a n d t , 1972), PG 0B (D ' H a l l u i n and K e i m e r , 1986), and N6 (D o c t r i n a l et al. 1990 ), or the media developed by Z h u and W u (1979) as well as R aq u i n (1982) applied so far in cultures of ovules in wheat and petunia thecae (B o s s o u t r o t and H os e m a n s , 1985) .
Of all the phytohormones tested in this experiment, the best effects in ovule differentiation and shoot regeneration were obtained in the case of BAP. The results from successive passages show that BAP had a stimulating effect on pedogenesis, as compared with the control. A slightly different reaction was observed throughout the propagation of the initiated shoots. The shoots obtained in the presence of this cytokinin demonstrated normal habit, saturated green colour, and an adequate growth. Numerous leaf laminas were narrow and without discolorations. To perform further research into the effect of growth regulators on plant development, from the group of cytokinins BAP was replaced with KIN. In the present experiment, KIN in combination with NAA, irrespective of the concentration applied, demonstrated lower organogenesis induction effectiveness than the BAP-containing media. The number of regenerates produced was lower than in the control and the plants showed glassy deformed leaves with elongated thin laminas. During the regeneration process, we could observe hormonal control of the morphogenetic potential of plants. Variation in the capacity to regenerate from ovules depending on auxins and cytokinins introduced into the medium and their concentration was also reported by G o ś k a (1997). Of all the genotypes investigated, the best results were reported by this author for the medium containing 0.3 or 1.0 mg × dm -3 BAP in combination with 0.1 mg × dm -3 NAA. Considering those results, it is demonstrated that the effectiveness of gynogenesis depended on the ratio of cytokinins to auxins in the medium, which also coincided with the reports by V a n G e y t et al. (1987) who applied BAP, NAA and 2,4-D and recorded an about 50% decrease in the number of regenerated plants when exposed to high doses of cytokinin, as compared to those of auxins. Other authors have found that with no cytokinins, the processes of differentiation and regeneration can be inhibited (D o c t r i n a l et al. 1989) .
A considerably lower, than the control, morphogenetic potential was observed on TIBA-containing media. Supplementing the TIBA medium limited the organogenesis frequency. Shoots were growing slowly, while the leaf laminas were narrow and often deformed. However, there are sources pointing to other types of beet explants reacting better to the TIBA content in the medium. This relationship, in combination with BAP, intensifies organogenesis in cultures of callus derived from various explants (T e t u et al. 1987 The application of TDZ and IBA did not have a significant effect on an increase in ovule regeneration effectiveness, as compared with the control, despite the fact that the positive effect of TDZ on the effectiveness of morphogenesis in other beet explant types, for instance laminas and leaf petioles as well as explants from seedling fragments, was reported by e.g. Z h a n g et al. (2001) and G o ś k a (2004). These results suggest that the use of higher concentrations of those phytohormones resulted in a increase of the number of shoots. The regenerated shoots, however, showed poor growth, deformed, frequently vitrified leaves, and numerous necrotic changes.
Considering the effect of agar and gelrite, as solidifying substances, on morphogenesis in beet, the better results was observed for gelrite and 0.7% agar. A decrease in agar content in the medium resulted in a slow-down of the plant growth rate, leaf deformation and increased susceptibility to vitrification. All that coincides with the results reported by other authors who claim that 0.7-0.8% agar is applied in the standard procedure in ovule cultures in beet (G o ś k a and J a ss e m , 1988; G ü r e l et al. 2000) . The occurrence of explant vitrification is triggered not only by a low concentration of the solidifying substance but also high air humidity and insufficient reduced nitrogen content in the medium (J o y c e et al. 2003) . Plant material vitrification can be seen from anatomic and physiological changes considerably decreasing the morphogenetic potential of explants; by some authors, this is accounted for by disturbed polyamine metabolism, which can result in triggering defence reactions seen as, e.g., high activity of peroxidases and poor cell wall lignification (P i q u e r a s et al. 2002) . According to F o n t e s et al. (1999) , vitrification in Capsicum annuum plants is connected with the synthesis of proteins of thermal shock, the expression of which occurs under stress.
The in vitro regenerated shoots were transferred from the regenerating media onto the MS medium supplemented with IBA and 2iP. The effectiveness of such regulator composition in the rooting medium is confirmed by the analysis reported by G o ś k a (1997).
The results of the experiments show that the effectiveness of root induction clearly depended on the composition of shoot-regeneration medium. One of the essential factors affecting root formation is the type and concentration of the solidifying substance present in the regeneration medium. The use of 0.4% agar or 0.4% gelrite, instead of the standard 0.7% agar, resulted in an over two-fold increase in the process effectiveness, which could have been due to the agar composition, mostly in the presence of harmful compounds which can have a negative effect on plants by limiting cell proliferation and elongation (S t e f a n i a k , 2004).
The plants were transferred to pots and acclimatized under controlled conditions. In the initial period of acclimatization, the plants were intensively watered and kept under a plastic tunnel, which increased the efficiency of the process.
CONCLUSIONS
1. The paper describes the method of unfertilised ovule stimulation for differentiation; it involved a two--stage culture allowing unlimited reproduction of initiation tissues in liquid medium from which, at any time of the year, one can trigger the induction of organogenesis processes. 2. It was shown that the effectiveness of shoot formation depended on the composition of regeneration medium. As regards the number of shoots, the medium with 4.4 μM BAP supplemented with 0.09 M sucrose and solidified with 0.4% gelrite in which a more than double number of shoots was produced, as compared with the control medium, showed to be the best. 3. The results of the experiments demonstrate that the effectiveness of the rooting process depended on the type and concentration of the phytohormone present in the medium. The highest percentage of rooted microcuttings, as compared with the total number of regenerates, was reported when they originated from the medium containing 2.2 μM KIN and 0.44 μM NAA. However, another important factor affecting root formation was the type and concentration of the solidifying substance present in the regeneration medium. The application of 0.4% agar or 0.4% gelrite resulted in a more than double increase in the process effectiveness. 4. At the final stage of the experiment, a high value (over 80%) of the coefficient of acclimatization of plants to ex vitro conditions was recorded.
